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Quantum photonics offers much promise for the development of new technologies. The ability to control the interaction of light and matter at the level of single quantum excitations is a prerequisite for the construction of potentially powerful devices. Here we use the rotational levels of a room temperature ensemble of hydrogen molecules to couple two distinct optical modes at the single photon level using femtosecond pulses with 2 THz bandwidth. We observe photon correlations that violate a Cauchy-Schwarz inequality, thereby verifying the creation of a nonclassical state. This work demonstrates the rich potential of molecules for use in ultrafast quantum photonic devices.
OCIS Nonclassical physics is a prevalent theme in several areas of current photonic technology research. Example applications include single photon sources [1] , cryptographic key generation [2] , and the drive to implement optical quantum computing [3] . Nonlinear quantum optical phenomena are powerful tools for the development of such technologies: they enable the interaction of multiple photons, mediated by dipole coupling to levels in atomic, ionic, solid-state, and molecular systems. For example, a variety of nonlinear phenomena including electromagnetically induced transparency [4] , photon echoes [5, 6] , and Raman scattering [7] , have been used to build optical quantum memories [8] , which act as temporary buffers for photonic quantum information. In ensemble quantum memories [9, 10] , the level structure and internal states of the storage system must be suited to the frequency and bandwidth of the stored photons. Furthermore, the memory lifetime for high-fidelity storage must be sufficiently long for a desired application. Memories for use in long-distance quantum communication require correspondingly long storage times [11, 12] ; memories designed for this purpose are therefore generally implemented in those atomic ensembles and ion-doped crystals that exhibit prolonged coherence and can store MHz-GHz bandwidth photons [7, [13] [14] [15] [16] [17] [18] [19] [20] . For compact photonic processing on the meter scale, operational speed is another salient parameter: large processing potential can be obtained by effecting multiple operations in quick succession.
We recently demonstrated that a room temperature ensemble of molecules can be used as a coherent absorptive photonic memory by storing and retrieving coherent femtosecond pulses with terahertz (THz) bandwidth using a collective vibrational coherence in hydrogen gas [21] . In this Letter we show that THz-bandwidth quantum-level operation of a DLCZ emissive quantum memory [22] is possible using collective rotational coherence in a room temperature ensemble of hydrogen molecules. We verify the production of nonclassical photon correlations by measuring the violation of a Cauchy-Schwarz inequality. At present, THz-bandwidth manipulations of highly nonclassical photon states are nontrivial because of noise and bandwidth limitations in many systems. This work is important for future quantum photonic devices because it demonstrates the viability of such operations using the internal dynamics of molecules.
The DLCZ emissive memory protocol [22] has been demonstrated in a variety of systems, including atomic ensembles [23] [24] [25] [26] [27] and bulk diamond [28] . We use hydrogen molecules with the relevant level structure shown in Figs. 1(a) and 1(b), where the ground state jgi and excited state jei are rotational states coupled by Raman scattering in a Λ-level scheme; a diagram of our experimental setup is shown in Fig. 1(c) . A delocalized rotational quantum (DRQ) is written into an ensemble by spontaneous Stokes Raman scattering using a write pulse, and heralded by the detection of a Stokes photon [see Fig. 1(a) ]. The DRQ is subsequently annihilated by anti-Stokes Raman scattering, upon application of a read pulse, which creates an anti-Stokes photon [see Fig. 1(b) ]. Photon correlations can be observed between the Stokes and anti-Stokes fields because they are coupled via the DRQ.
Hydrogen is a homonuclear, diatomic, linear molecule; its rovibrational levels are labeled by the vibrational quantum number v and rotational quantum number J. Each J-level is 2J 1 degenerate with projections M −J;−J 1; …;J − 1;J along the quantization axis. The selection rules for rotational Raman transitions are ΔJ 2 and ΔM 0; 2. At room temperature, hydrogen's population is distributed between the rotational levels, J 0; 1; 2; 3 of the v 0 vibrational level [29] . Due to the rotational level spacings and the equilibrium 3∶1 ratio of ortho-:para-hydrogen dictated by nuclear spin statistics, 66% of the population resides in the J 1 level. The strongest spontaneous rotational Raman scattering is therefore on the J 1 → 3 transition, with frequency separation of ν 17.6 THz [29, 30] . We use the 3-fold degenerate J 1;M states as the ground level and the corresponding J 3;M 2 states as the excited level. Thus, all three transitions occur simultaneously and independently. Stokes and anti-Stokes photons from this transition are separated from other rotational sidebands using filters F2 and F3, respectively.
Rotational Raman scattering is polarizationdependent, and the coupling is strongest between opposite circular polarizations for the two fields involved [31] . With the propagation direction taken along the quantization axis, this corresponds to the ΔM 2 transitions; transitions with ΔM 0 correspond to no change in polarization between the input photons and the scattered photons. The contrast between opposite polarizations for circular polarization write/read pulses means that polarization can be used to label the pulses for timegating. For left-circular polarized input write pulses W L , we measured a S L :S R polarization contrast of 1∶5.7 in the number of detected Stokes photons, where S L (S R ) denote the left-(right-) circular Stokes modes. We measured a A L :A R polarization contrast of 1∶5.0 in the number of detected anti-Stokes photons, where A L (A R ) denote the left-(right-) circular anti-Stokes modes. These ratios compare favorably with the expected theoretical ratio of 1∶6 [31] ; discrepancies between the theoretical and measured values can be attributed to pressure-induced birefringence in the cell windows and imperfect phase compensation by the achromatic waveplate.
Nonclassical correlations occur in the spontaneous scattering regime where the probability of scattering more than one photon per pulse is low. At the maximum write pulse energy of E w 14 nJ (N w ≈ 5.7 × 10 10 photons), we measure a "singles rate" of P m S 2.295 × 10 −4 for the probability per pulse of detecting a Stokes photon; the corresponding probability for anti-Stokes scattering from thermal population by the read pulse is P m A 2.51 × 10 −5 . The theoretical probability for Stokes scattering by the write pulse into the solid angle ΔΩ of the collimating lens can be estimated using
where N w is specified in photon number, N is the number density in state jgi, σ 0 is the differential scattering cross section per steradian in the direction of the pump, and L is the length of the interaction region [30, 32] . This yields P th S ∼ 1.2 × 10 −2 , where L 70 mm, the effective solid angle is ΔΩ ∼ 8.5 × 10 −3 for the collection optics, and the theoretical differential scattering cross section is σ 0 1.2 × 10 −36 m 2 [30, 33] . Including a fourth-power scaling of wavelength for the scattering cross section since σ ∝ λ −4 S [32] , the corresponding probability for anti-Stokes scattering is P th A ≈nλ S ∕λ r 4 P th S ∼ 8.7 × 10 −4 , wheren exp−hν∕k B T0.06 is the Boltzmann population weighting at T 295 K, λ S 845 nm is the Stokes wavelength, and λ r 805 nm is the read pulse wavelength. We note that the measured detection rates are less than the estimated theoretical values due to imperfect avalanche photodiode (APD) detection efficiency, imperfect coupling to the fiber-coupled APDs, and losses from imperfect spectral filtering and polarization filtering. The low theoretical and measured scattering rates indicate that the scattering is spontaneous. This conclusion is further supported by the observed linear variation of the measured scattering probability with the write pulse energy. The probability that a single write or read pulse generates more than one photon is therefore small.
We verify the existence of nonclassical correlations between the Stokes and anti-Stokes photons by measuring their normalized intensity cross-correlation function,
where P S;A is the probability of a coincident Stokes and anti-Stokes detection. Figure 2 shows the measured Write and read pulses of duration 150 fs are generated using an 80 MHz repetition rate, 3.7 W Ti:sapphire oscillator (Ti:sapph) centered at 805 nm. We reduce the full width at half-maximum bandwidth of the laser output to 2 THz by spectral filtering. The beam is subsequently split using a polarizing beamspliter (PBS); orthogonal linearly polarized write (V-polarized) and read (H-polarized) pulses are recombined with a variable delay τ. The write and read pulses are converted to left-circular (W L ) and right-circular (R R ) polarization, respectively, using a quarter-wave plate (λ∕4) and focussed collinearly using an f 50 mm singlet, into a 7 cm cell filled with hydrogen at pressure p 18 bar and temperature T 295 K. The output light is collimated using an f 75 mm singlet and converted back to linear polarization using an achromatic quarter-wave plate (λ∕4). Pump radiation is separated from rotational Raman Stokes and anti-Stokes photons using notch filter F1. Stokes photons are partitioned from anti-Stokes photons using a dichroic mirror (DM). H-polarized Stokes photons are transmitted at a polarizer (POL), spectrally filtered by filter F2, coupled into a single mode fiber, and detected using an avalanche photodiode (APD1); V-polarized anti-Stokes photons are reflected at a polarizer, spectrally filtered by filter F3, coupled into a single mode fiber, and detected using APD2. Detection events are recorded using a coincidence counting module (&).
intensity cross-correlation function g The detection probabilities can be modeled as a function of coupling constants and collection efficiencies [25] . We operate in the limit where the probability of scattering a single Stokes photon into the collection mode of the Stokes detector is small so that we can neglect low probability higher-order terms. The probabilities P S P A for detecting a single Stokes (anti-Stokes) photon, or P S;A for a coincident detection, are then given by [25] P S η S P th S ; (2a)
where χ is the probability for a single Stokes photon to be scattered in any direction, β is the time-dependent probability that an anti-Stokes photon will scatter toward the collection optics from any DRQ created by the write pulse, α is the time-dependent probability that an antiStokes photon will scatter toward the collection optics given that a Stokes photon was detected, and η S η A is the detection efficiency for photons in the Stokes (antiStokes) beam path. We can evaluate g 
where we have set ατ ≥ 0α 0 e −2Γτ ; βτ ≥ 0β 0 e −2Γτ (4) to account for the homogeneous damping effect of collisional dephasing at rate Γ on the DRQ created by the write pulse. The pressure-dependent dephasing rate is known to be Γ 18 bar 0.645 rad ns −1 from stimulated Raman gain spectroscopy [35] . Using α 0 ∕P th S and χβ 0 ∕P th S as free parameters we fit Eq. (3) to the measured data and obtain excellent agreement; the fit parameters are α 0 ∕P th S 0.46 and χβ 0 ∕P th S 0.027. Using the theoretical value for P th S , we estimate the retrieval efficiency of a DRQ heralded by the detection of a Stokes photon to be α 0 ∼ 5.5 × 10 −3 . In conclusion, we have demonstrated quantum-level manipulations of THz-bandwidth photons using delocalized rotational quanta in a hydrogen ensemble at room temperature. We verified the existence of nonclassical Stokes-anti-Stokes correlations, measuring a maximum intensity cross-correlation value of g 2 S;A 5.4. Noise and bandwidth limitations in many optical media render them unsuitable for use in ultrafast quantum photonic devices. This implementation of a fundamental building block for ultrafast photonic manipulations at the quantum level shows the promise of molecular states for quantum processing.
